Summary Meiotic studies were performed on 11 populations of 8 Stipa species concerning polyploidy level, chiasma frequency and distribution, chromosomes association and segregation. All the species and populations studied possessed nϭ22 (2nϭ4xϭ44) chromosome number. The chromosome numbers of 3 species are reported for the first time. The populations and species studied differed significantly in their meiotic characteristics. Meiotic abnormalities observed included laggard chromosome formation, stickiness and cytomixis. Cytomixis led to the formation of aneuploid meiocytes. Unreduced pollen grains were observed in 2 species, which differed significantly in their size compared to the normal (reduced) pollen grains.
Cytological preparation and meiotic analysis
Young flower buds were collected from 10 randomly selected plants of each species/populations and fixed in glacial acid : ethanol (1 : 3) for 24 h. Flower buds were washed and preserved in 70% ethanol at 4°C until used (Sheidai et al. 1999) . Cytological preparations used squash technique and were stained with 2% aceto-orcein.
Fifty to 100 pollen mother cells (PMCs) were analysed for chiasma frequency and distribution at diakinesis/metaphase stage and 500 PMCs were analysed for chromosome segregation during the anaphase and telophase stages. Pollen stainability as a measure of fertility was determined by staining minimum 1000 pollen grains with 2% acetocarmine : 50% glycerin (1 : 1) for about 1/2 h. Round/complete pollens which were stained were taken as fertile, while incomplete/shrunken pollens with no stain were considered as infertile (Sheidai et al. 1999) .
Statistical analyses
In order to detect a significant difference in mean total and relative chiasma frequency and distribution as well as chromosomes association, analysis of variance (ANOVA) followed by the least significant difference test (LSD) was performed between populations of a single species as well as among different species studied (Sheidai et al. 2002) .
In order to detect a significant difference in meiotic abnormalities, c 2 test was performed among different species and populations. For grouping the species and populations showing similar meiotic behavior, different methods of cluster analysis including single linkage, UPGMA and WARD as well as ordination based on principal components analysis (PCA) was performed on standardized data (meanϭ0, varianceϭ1, Sheidai et al. 2002) . Univariate and multivariate statistical analyses used SPSS ver. 9 (1998) software.
Results and discussion

Chromosome number and ploidy level
Data with regard to meiotic chromosome number, ploidy level, chiasma frequency and distribution, as well as chromosome pairing is presented in Table 1 (Fig. 1, a-p) . All the species and populations studied possessed nϭ22 chromosome number. Considering xϭ11 and xϭ12 as the basic chromosome number of the genus Stipa (Freitag 1985, Watson and Dallwitz 1992) , the species and populations studied are tetraploid (4x).
To our knowledge, the chromosome number of St. hohenackeriana, St. ehrenbergiana and St. iranica is reported for the first time. Freitag (1985) reported 2nϭ40 for St. turkestanica while the present study reports a new ploidy level i.e. nϭ22 (2nϭ44) for this species. The chromosome numbers reported for St. lessingiana, St. caucasica, St. arabica and St. holosericea supports the earlier reports (Magulaev 1984 , Strid 1987 .
The occurrence of aneuploid range of chromosome number (from 2nϭ22 to 48) is known to occur among different species of the genus Stipa (Watson and Dallwitz 1992) . However the occurrence of 2 different chromosome number of nϭ20 (2nϭ40) and nϭ22 (2nϭ44) in a single species (Strid and Anderson 1985, Vázquez and Devesa 1996) . Therefore we may suggest that along with hybridization and allopolyploidy (Stebbins 1987) , the occurrence of aneuploidy may also play a role in the speciation of the genus Stipa as well as inter-population variations. However the mechanism's of aneuploidy production in the genus Stipa is not known.
The presence of B-chromosomes is not possibly the reason for the difference in chromosome number of the species studied as we investigated carefully the meiotic behavior of chromosomes in more than 100 well prepared metaphase cells as well as 500 anaphase cells with no indication of Bchromosomes (this may also holds true in the work of Stebbins and Love 1941, as they reported both chromosome numbers from different plant materials). One of the possibilities may be the occurrence of cytomixis (see below) leading to the formation of aneuploid gametes. If such aneuploid gametes survive and combine they can produce aneuploid plants.
The other possibility for aneuploidy condition is structural changes of chromosomes such as unidirectional/repeated unequal translocations as well as centromeric fusion/fission.
Chromosomes pairing and chiasma frequency
Among the Stipa species and populations studied, the highest mean number of total and terminal chiasmata occurred in St. holosericea (45.23 and 39.86 respectively), while the lowest values occurred in St. caucasica (33.22 and 27.19 respectively). The highest value of intercalary chiasmata occurred in St. caucasica (6.03) while the lowest value occurred in Meyaneh population of St. arabica (1.22).
The highest value of ring bivalents occurred in St. ehrenbergiana (16.60) while the lowest value occurred in St. caucasica (9.30), a reverse situation occurred for the mean number of rod bivalents in these two species (Table 1) .
The Stipa species have been considered as allopolyploid originated from inter-specific hybridization followed by chromosome doubling (Tzvelve 1977) and it is expected to form merely bivalents. However some of the species studied showed the presence of quadrivalents (Table 1) , possibly due to occurrence of chromosomal structural changes during the species diversification and evolution. Such a chromosomal repatterning after doubling of chromosome number is considered as an important factor in the evolution of Graminea (Stebbins 1987) .
Among the species/populations showing quadrivalent formation, the highest value of quadrivalents occurred in Meyaneh population of St. arabica (0.09) and the lowest value occurred in Ardebil population of St. arabica (0.02).
ANOVA and LSD tests performed on chiasma frequency and distribution as well as chromosomal association among Stipa species and populations revealed a significant difference in most of the meiotic characteristics among the species studied (Table 2, Figs. 2, 3) , indicating that the genes controlling chiasma frequency and distribution have changed significantly during the Stipa species diversification.
Variation in chiasma frequency and localization is genetically controlled and is reported in populations of different grass species like Aegilops (Coucoli et al. 1975) , Lolium and Festuca as observed in the species/populations of Stipa. Such a variation in the species/populations with the same chromosome number is considered as a means for generating new forms of recombination influencing the variability within natural populations in an adaptive way (Rees and Dale 1974) .
Our previous studies on cytogenetics of Aegilops species showed that meiotic characteristics can be used to illustrate the species inter-relationships supporting the taxonomic treatments of the genus (Sheidai et al. 1999 (Sheidai et al. , 2002 , therefore a similar analysis was performed in order to investigate the species inter-relationships among the Stipa species studied.
Different methods of cluster analysis and ordination based on cytogenetic characters were performed which produced almost similar results (Figs. 4, 5) . In PCA ordination, 2 species of St. turkestanica and St. lesseingiana (8, 11 in Fig. 5 ) show similarity to each other and form a separate group. These species belong to the section Stipa, species group 1 (Eriostipa) of the Freitag (1985) .
St. caucasica belongs to the section Stipa species group 2 (Brevigeniculata) and stands alone in a separate group due to difference in its cytogenetic characters, however it joins with some distance to St. turkestanica and St. lesseingiana (8, 11 in Fig. 5 ), which supports Freitag (1985) grouping based on morphological characters. Different populations of St. arabica are placed close to each other and with some distance join to St. hohenackeriana and St. ehrenbergiana (Figs. 4, 5) . On the other hand 2 species of St. iranica and St. holosericea (6, 10 in Figs. 4, 5) show similarity to each other as suggested by Freitag (1985) based on morphological characters. All these species belong to the section Barbatae Junge emend. Freitag (Freitag 1985) . Therefore grouping of the Stipa species studied based on cytogenetical characters supports Freitag (1985) taxonomic treatment of the group. We suggest performing of a similar study in other sections/groups of the Stipa and compare the results obtained. 
Meiotic abnormalities
The meiotic irregularities observed in Stipa species and populations studied include the occurrence of laggard chromosomes in anaphase I and II, telophase I and II, formation of micronuclei in tetrad cells, chromosomes stickiness and cytomoxis, which are discussed below.
Anaphase and telophase laggard chromosomes
Data with regard to laggard chromosomes is provided in Table 3 . Some of the species showed laggard chromosomes in anaphase-I and II while the others showed a normal segregation of chromosomes during anaphase. Ardebil population of St. arabica showed the highest percentage of anaphase-I and anaphase-II laggard chromosomes (11.42, 2.56) followed by St. caucasica (5.00, 1.52).
No significant negative correlation was obtained between pollen fertility and the meiotic abnormalities such as anaphase and telophase laggard chromosomes. Therefore these meiotic abnormalities do not bring about pollen sterility. It has been suggested that infertility in polyploids is not solely due to the production of aneuploid gametes formed by improper segregation of chromosomes during anaphase/telophase stages, the genetic factors may also bring about pollen sterility as evidenced in different tetraploid strains of rye (Hazarika and Rees 1967) as well as Avena sativa cultivars (Baptista-Giacomelli et al. 2000) . Therefore reduction in pollen fertility in Stipa species studied may also be affected by genetic factors and not only by meiotic irregularities reported. Table 1 .
Figs. 4, 5. WARD cluster analysis and PCA ordination of Stipa species based on cytogenetic characters. Species number as in Table 1 .
Chromosome stickiness
Sticky chromosomes were observed from early stages of prophase and continued to the final stages of meiosis in most of the species studied (Table 3) . Chromosome bridges resulting from stickiness were observed in anaphase-I and II as well as telophase-I and II stages. The thickness of bridges observed and the number of chromosomes involved in their formation varied among different meiocytes and the species studied.
Genetic as well as environmental factors have been considered as the reason for chromosome stickiness in different plant species (Nirmala and Rao 1996) . However, Baptista-Giacomelli et al. (2000) reported a difference in the percentage of cells showing stickiness in Brazilian Avena sativa cultivars and suggested a genomic-environmental interaction as the main reason for the occurrence of chromosome stickiness which may holds true for the Stipa species studied.
Cytomixis
Chromatin/chromosome migration occurred in different directions from early prophase to telophase-II in the Stipa species and populations studied (Fig. 1, i, j) . Several prophase cells in these species showed presence of 2 sets of genomes due to cytomixis (Fig. 1, k) and many metaphase/diakinesis cells possessed extra or missing chromosomes showing aneuploid condition (Fig. 1, m, n) . A particular kind of cytomixis was observed in Sohanak population of St. iranica leading to the migration of the whole chromosome complement and production of unreduced (2n) meiocytes.
Migration of chromatin material among the adjacent meiocytes occurs through cytoplasmic connections originated from the pre-existing system of plasmodesmata formed within the tissues of the anther. The plasmodesmata become completely obstructed by the deposition of callose, but in some cases they still persist during meiosis and increase in size forming conspicuous inter-meiocyte connections or cytomictic channels that permit the transfer of chromosomes (Falistocco et al. 1995) .
Cytomixis is considered to be of less evolutionary importance and usually bring about pollen sterility as is the case in Stipa species studied but, it may lead to production of aneuploid plants with certain morphological characteristics (Sheidai et al. 1993) or produce unreduced gametes as reported in several grass species including Dactylis (Díaz Lifante et al. 1992) and Aegilops (Sheidai et al. 2002) . Unreduced gamete formation is of evolutionary importance leading to the production of plants with higher ploidy level.
The occurrence of large pollen grains (potential 2n pollen grains) was observed in Sohanak (Fig. 1, o) . The diameter of 2n pollen grains ranged from 47.50-60.00 mm in St. iranica while it was 28.40-42.40 mm in normal (reduced) pollen grains. In case of St. holosericea the diameter of 2n pollen grains ranged from 47.00-56.00 mm while that of reduced pollen grains was 18.00-25.00. Ttest analysis revealed a significant difference (pϽ0.05) in the size of unreduced pollen grains compared to that of reduced pollen grains.
A numerically unreduced diploid, or 2n gamete is a meiotic product that bears the sporophytic rather than the gametophytic chromosome number. Such gametes result from abnormalities during either microsprogenesis (2n pollen) or megasporogenesis (2n eggs). Unreduced gametes are known to produce individuals with higher ploidy level through a process known as sexual polyploidization (Villeux 1985) . According to Harlan and de Wet (1975) sexual polyploidization is the major route to the formation of naturally occurring polyploids.
Different methods have been used to detect 2n gametes including morphological, flow cytometery and cytological methods. The most direct method of screening for 2n pollen involves the examination of the range of size of pollens produced by an individual, as with increase in DNA content the cell volume increases which in turn influence the pollen diameter (Bretagnolle and Thomson 1995) . The presence of giant grains has been used as an indication of the production of 2n pollen (Vorsa and Bingham 1979) .
The frequency of 2n pollen grains in Sohanak population of St. iranica was 6% while the frequency of such unreduced pollens was 19% in Meyaneh population of St. holosericea. A high intrapopulation, inter-specific and inter-subspecific variability in the frequency of 2n pollen grain formation has been also reported in Solanum and Dactylis (Bretagnolle and Thomson 1995) .
Different cytological mechanisms are responsible for the production of 2n gametes including premiotic doubling of the chromosomes, omission of the first and second meiotic division, as well as post meiotic division, occurrence of abnormal spindle geometry, abnormal cytokinesis and desynapsis (Bretagnolle and Thomson 1995) .
Detailed cytological study of St. iranica and St. holosericea showed the occurrence of cytomixis (discussed before) as the possible mechanism for the formation of aneuploid and 2n meiocytes, the latter might produce unreduced pollen in this species. To our knowledge this is the first report of 2n pollen in Stipa.
